Stemphylium sarcinaeforme (Cav.) Wilt. (formerly Macrosporium sarcinaeforme Cav.) and Monilinia fructicola (Wint.) Honey (formerly Sclerotinia fructicola (Wint.) Rehm.) are two fungi which have been widely used as test organisms for screening fungicides in the laboratory. S. sarcinaeforme is resistant to the toxicity of phenolic and quinonoid compounds (herein referred to as phenols and quinones) while M. fructicola is not. S. sarcinaeforme is typically dark colored, while M. fructicola is hyaline or buff-colored. As dark pigmentation is frequently associated with polyphenol oxidase activity,1 it was postulated that S. sarcinaeforme must have an active polyphenol oxidase which could oxidize and polymerize phenols and quinones, thus rendering them innocuous to the organism. Polymerization would be an essential part of the detoxification because the mere oxidation of a phenol would probably produce a toxic quinone. It was further postulated that M. fructicola probably lacks an active polyphenol oxidase that could detoxify these compounds, or else contains, in vivo, an inhibitor of the system; e.g., an active hydrogen donor.2 In order to explore these hypotheses, it was first necessary to ascertain what type of polyphenol oxidase, if any, was present in each fungus. The next step was to determine the relationship between fungitoxicity of phenols and quinones and their resistance to being changed by enzymes found in the fungi.
Stemphylium sarcinaeforme (Cav.) Wilt. (formerly Macrosporium sarcinaeforme Cav.) and Monilinia fructicola (Wint.) Honey (formerly Sclerotinia fructicola (Wint.) Rehm.) are two fungi which have been widely used as test organisms for screening fungicides in the laboratory. S. sarcinaeforme is resistant to the toxicity of phenolic and quinonoid compounds (herein referred to as phenols and quinones) while M. fructicola is not. S. sarcinaeforme is typically dark colored, while M. fructicola is hyaline or buff-colored. As dark pigmentation is frequently associated with polyphenol oxidase activity,1 it was postulated that S. sarcinaeforme must have an active polyphenol oxidase which could oxidize and polymerize phenols and quinones, thus rendering them innocuous to the organism. Polymerization would be an essential part of the detoxification because the mere oxidation of a phenol would probably produce a toxic quinone. It was further postulated that M. fructicola probably lacks an active polyphenol oxidase that could detoxify these compounds, or else contains, in vivo, an inhibitor of the system; e.g., an active hydrogen donor.2 In order to explore these hypotheses, it was first necessary to ascertain what type of polyphenol oxidase, if any, was present in each fungus. The next step was to determine the relationship between fungitoxicity of phenols and quinones and their resistance to being changed by enzymes found in the fungi.
Methods.-The fungi were grown in still culture on casamino acid media,3 S. sarcinaeforme for 3 weeks and M. fructicola for 2 weeks. Once the mycelial mats were harvested, all succeeding steps for extraction were done at 0°to 5°C. The harvested mats were washed, broken up in a Waring Blendor with 50 cc. of distilled water, and then ground to a cell-free preparation using a tissue homogenizer aided by the addition of powdered alumina. This material was dialyzed overnight and then centrifuged at 18,000 r. p. m. for 1/2 hour. The supernatant was used as the enzyme preparation for the tests to be described.
The activity of the mycelial extract was determined by mixing it with aqueous solutions or suspensions of the phenols or quinones being tested. The fungitoxicity data were obtained using the depression slide technique described by Horsfall and Rich.4 A compound is considered to be toxic if its ED 50 is 50 ,gg. per square centimeter or less.
Experimental Results.-Both fungi were found to contain polyphenol oxidases. The mycelial extract from S. sarcinaeforme contained a polyphenol oxidase capable of acting upon hydroquinone and catechol but not tyrosine. The extract from M. fructicola gave color reactions with tyrosine and catechol but not with hydroquinone. This indicated that the polyphenol oxidase for S. sarcinaeforme was of the laccase type, while that from M. fructicola was of the tyrosinase typeA Table 1 includes the data on the fungitoxicity of 42 phenols and quinonest and their interactions with the extracts from the two fungi. Twenty-three of these compounds were toxic to S. sarcinaeforme, and 34 were toxic to M. fructicola.
With the mycelial extract of S. sarcinaeforme, 17 of the test compounds gave color reactions, and 25 did not. Fifteen of the compounds which could be changed by the enzyme were non-toxic to the spores of the fungus, and only 2 were toxic. On the other hand, 21 of those which gave no color reaction with the mycelial extract of S. sarcinaeforme were toxic to its spores, and 4 were non-toxic. Of the 21 compounds which gave no color change with the mycelial extract, six were actually inhibitors of the action of the enzyme on catechol and all six were toxic to the spores.
These inhibitors were a-naphthol, ,3-naphthol, 2,4-dihydroxyterephthalic acid, 3,5-diiodotyrosine, hexyl resorcinol, and 2-chloro-4,6-dinitrophenol. Certain of the compounds were tested to see whether they would inhibit the action of the extract on hydroquinone. Three compounds, all toxic, were found to inhibit-this reaction even though they did not inhibit the reaction with catechol. These compounds were 2,5-bis (2,3,4,6-tetramethylphenyl) hydroquinone, cyclohexylhydroquinone, and protocatechuic acid.
Only seven of the compounds gave color reactions with the mycelial extract of M. fructicola. Of these seven, two were toxic to the spores of M. fructicola and five were non-toxic. Of the 35 compounds not giving color reactions, 32 were toxic and 3 were non-toxic. Three of these 35 compounds were also inhibitors of the action of the extract on catechol. These three were cyclohexylhydroquinone, hexylresorcinol, and the sodium salt of gentisic acid, but only the first two were toxic.
Discussion.-Inhibition of vital enzyme systems has been proposed many times as a mechanism of fungitoxicity.6 The phenols and quinones have been shown by Owens7 to be inhibitors of pancreatic and malt amylase. Owens suggested the inhibition of amylases as a possible mechanism for the fungitoxicity of these compounds. In a previous paper, Owens6 tested the activity of a polyphenol oxidase from Agaricus campestris L. on a series of phenols and quinones. He found that the enzyme could oxidize phenol but could not oxidize hydroquinone or the quinones tested. Owens suggested that phenol, hydroquinones, p-benzoquinones and 1,4-naphthoquinone were fungitoxic because they might be competitive inhibitors of a polyphenol oxidase. In the present studies, however, hydroquinone, 1,2-benzoquinone, tetrachloro-p-benzoquinone, and 2,3-dichloro-1,4-naphthoquinone did not inhibit the polyphenol oxidases of S. sarcinaeforme and M. fructicola.
The present data for the extract of S. sarcinaeforme (table 1), indicate that if the oxidase present in the fungus can oxidize and polymerize the phenols or quinones, the compound is usually non-toxic to the fungus. Of the compounds giving color with the fungus extract, 88% were non-toxic to the spores of the fungus. Polyphenol oxidase then, may act as a detoxifying agent. The only toxic compounds which gave color with the extract of S. sarcinaeforme were 4-phenylcatechol and oquinonedioxime. The toxicity of these two compounds indicates (a) their toxicity is not directly related to their phenolic or quinonoid structure, e.g., it is known that o-quinonedioxime can form metal chelates, which has been proposed as a fungitoxic mechanism,8 or, (b) the polyphenol oxidase of the spore is different from that of the mycelium. This latter possibility will be discussed later. Of the compounds which could not be visibly changed by the extract, 84% were toxic to the fungus. Six of these were inhibitors of laccase-catechol and three were inhibitors of laccasehydroquinone. The group of 15 non-inhibitors contained 11 fungitoxicants. This indicates that the fungitoxicity of such compounds may be related to some property other than their inhibition of polyphenol oxidase. When the polyphenol oxidase system of S. sarcinaeforme is inhibited, however, the compounds doing so were all fungitoxic without exception. Apparently polyphenol oxidase is an important enzyme in the life process of this fungus, probably acting as a terminal oxidase.
Four of the compounds were not toxic to the spores of S. sarcinaeforme, even though they gave no color reaction with the mycelial extract. These four were p-cyclohexylphenol, p-nonylphenol, 2-capryl-4,6-dinitrophenol and l-tyrosine.
These compounds are all monophenols with a large aliphatic substituent. It is entirely possible that the aliphatic groups are too large for good permeation into the spores of S. sarcinaeforme. The relation of aliphatic groups to permeation and fungitoxicity has been discussed by Rich and Horsfall.9 They point out that the constitution of the semipermeable membranes of the spores of various fungi may vary considerably, and that this in turn may result in a compound being able to permeate easily into the spores of one fungus and with difficulty into the spores of another. Further, Horsfall'0 has indicated that, for toxicity, M. fructicola requires compounds with larger lipophilic groups than does S. sarcinaeforme. This is supported by the fact that the p-eyclohexyphenol, p-nonylphenol, and 2-capry-4,6-dinitrophenol are all toxic to M. fructicola. l-Tyrosine, the only one of the four not toxic to M. fructicola, is a substrate for its mycelial extract.
Of the test compounds which could not be changed by the mycelial extract from M. fructicola, 92% were toxic to the spores of this fungus. The exceptions were 4-amino-2-phenylphenol, o-nitrophenol, and the sodium salt of gentisic acid. These may be non-toxic because they simply do not penetrate into the spore to the site of toxic action. This would be most likely in the case of the sodium salt of gentisie acid, as highly ionized organic compounds do not penetrate semipermeable membranes very well.
Vol. 40, 1954 Under the microscope, the germ tubes of 31. fructicola spores take on a dark color when exposed to sublethal doses of a-naphthol and 4-phenyleatechol. The spores, however, remain hyaline. The toxicity of these two compounds indicate that they permeate the spores. These compounds, however, cannot be changed by the polyphenol oxidase of the spores, but are oxidized and polymerized by the polyphenol oxidase of the mycelium and germ tubes. Although catechol, o-phenylenediamine, protocatechuic acid, propyl gallate, and l-tyrosine are all acted upon by the mycelial extract of 31. fructicola and are non-toxic to the spores, only the first three darken both the germ tubes and spores. This indicates that these three compounds permeate the spores and can be changed by the polyphenol oxidases present in both spores and mycelium. Propyl gallate and l-tyrosine, however, probably do not permeate either the spores or germ tubes of this fungus. o-Nitrophenol, which does not give a color reaction with the mycelial extract of 3l1. fructicola and is nontoxic to its spores, colored neither spores nor germ tubes. Observations of this type cannot be made on S. sarcinaeforme because the natural dark color of the spores would mask any subsequent color changes.
The susceptibility of 31. fructicola spores to phenols and quinones is not related, as originally proposed to the complete absence of a detoxifying polyphenol oxidase. Rather, the susceptibility appears to be the result of the restricted substrate range of the polyphenol oxidase present. The mycelial extract of M. fructicola could oxidize and polymerize only 17% of the compounds tested, while that of S. sarcinaeforme could change 41%. The induction of coloration of the spores and germ tubes of M. fructicola by catechol indicates an active polyphenol oxidase in vivo. The normal light color of the fungus, therefore, cannot be caused by either a very low concentration of enzyme, or the presence of an active hydrogen donor which would keep the reaction from going to completion. The light color is probably caused by a very low concentration of natural substrate.
There were three inhibitors of the action of M. fructicola extract on catechol. These inhibitors were cyclohexylhydroquinone, hexylresorcinol, and the sodium salt of gentisic acid. Only cyclohexylhydroquinone and hexylresorcinol were toxic to the spores of the fungus. It is interesting that these two compounds can inhibit the polyphenol oxidases from both fungi. A reason for the non-toxicity of sodium gentisate has already been discussed.
Protocatechuic acid is of particular interest in these studies because of its suggested relation to the natural resistance of onions to onion smudge.'3 Protocatechuic acid has been reported to be oxidized by tyrosinase,5 and is indeed oxidized and polymerized by the enzyme of M1. fructicola to which it is non-toxic. Protocatechuic acid, however, is an inhibitor of the reaction between hydroquinone and the polyphenol oxidase from S. sarcinaeforme and is toxic to the spores of this fungus.
Enzymes, then, vary in their specificity according to the source of the preparation. It seems worth while, therefore, to use enzymes made from the specific fungi involved when making studies relating enzyme inhibition to fungitoxicity. It is also obvious that the results of such studies will vary not only with the enzyme, but also with the substrate. Ideally, the fungus enzyme and its naturally occurring substrate should be used. At any rate, the test substrate should approximate the natural substrate in its affinity for the enzyme. This is particularly true if enzyme inhibition is to be used as an in vitro technique for screening fungicides. A technique of this nature would be very valuable in screening for compounds to be used for preventing the deterioration of wood, fabrics, paint, plastics, etc. Many of the fungi which are particularly destructive to these materials are very poor spore formers in culture. Hence the standard spore germination techniques cannot be used. Enzyme-inhibition is also advantageous as a fungitoxic mechanism in these cases because toxicity to the host is unimportant.
Summary.-Forty-two phenols and quinones were tested as fungitoxicants on the spores of S. sarcinaeforme and M. fructicola. In turn, mycelial extracts of the two fungi were tested for their ability to oxidize and polymerize the same 42 compounds. The 42 compounds were tested as inhibitors of the two polyphenol oxidases, using catechol as the substrate. Certain of the compounds were tested as inhibitors of the laccase-hydroquinone system.
All but two of the compounds which gave color reactions with extract from S. sarcinaeforme were non-toxic to the spores of the fungus. Almost all of the compounds which were not visibly changed were toxic. Many of the latter compounds were found to be inhibitors of the polyphenol oxidase from S. sarcinaeforme. All of these enzyme inhibitors, without exception, were toxic to the spores of the fungus.
The correlation between the interaction of the mycelial extracts with test compounds and the toxicity of these compounds to spores was poorer for M. fructicola than it was for S. sarcinaeforme. The discrepancies, however, could be explained on the basis of (a) differences in permeation, and (b) differences in substrate specificity between the polyphenol oxidases of the mycelium and that of the spores. These differences were substantiated by observing the presence or absence of color changes in the spores and germ tubes of M. fructicola spores which had germinated in sublethal concentrations of the test compounds. In his paper on ferromagnetism' Pauling suggested that his theory might be refined by a consideration of the non-uniform probability distribution of electrons in crystals of ferromagnetic substances. In the simple theory it is assumed that the conduction electrons spend equal amounts of time in all parts of the crystal. This is a bad assumption, because a conduction electron with a given direction of spin spends a greater amount of time in regions where its spin is aligned parallel with the spin of the neighboring atomic electrons than in regions where the spin is aligned antiparallel. This paper describes a method of modifying the Pauling theory to take into account the non-uniform electron density. One of the major advantages of the simple theory of ferromagnetism is the ease of calculation of the partition function for the crystal. Since the electron density is assumed to be uniform each atomic moment may be considered to be interacting with the internal field independently of the other atomic moments. The partition function is therefore of the form where Mv is the net magnetic moment per atom caused by the uncoupling of valence electrons, Q is the interaction energy of a valence electron with the two atomic 3d electrons, S, is the z component of spin of the atomic electrons in a given atom, and NT is the number of atoms in the crystal.
If the idea of uniform electron distribution is abandoned this simple form for the partition function must, strictly speaking, also be abandoned. The density of conduction electrons in a given small region of the crystal depends upon the degree of alignment of the atomic spins in that region. The extent of further alignment of atomic spins depends upon the density of conduction electrons. Consequently, further alignment of atomic spins will tend to occur in regions where
